INTRODUCTION
Malignant pediatric brain tumors are etiologically distinct from adult brain tumors and responsible for the highest morbidity and mortality among all pediatric malignancies (1) . Childhood malignant gliomas rapidly infiltrate adjacent brain tissue and are difficult to treat, with extremely poor prognosis (2, 3) . Pediatric embryonal tumors, namely, medulloblastoma (MB), atypical teratoid rhabdoid tumor (ATRT), and primitive neuroectodermal tumor (PNET), have moderately better survival after treatment; however, effective disease control is usually associated with severe physical and intellectual disabilities as well as later development of secondary malignancies (3) (4) (5) . Moreover, when embryonal tumors occur in patients less than 3 years of age (as they often do), cranial-spinal irradiation therapy cannot be administered, making these tumors quite deadly in this age group, because they are not responsive to chemotherapies.
Tumor immune resistance and immune escape are hallmarks of primary malignant brain tumors (6) . Recently, CD47 has been identified as a crucial protein expressed on the surface of cells in many cancers, allowing them to evade innate immune surveillance. CD47 overexpression is a common feature of hematologic and solid tumors (7) (8) (9) (10) . By binding and activating signal regulatory protein-a (SIRPa), an inhibitory protein expressed on the surface of myeloid cells, CD47 serves as an anti-phagocytic or "don't eat me" signal (11) (12) (13) (14) (15) . Activation of SIRPa initiates a signaling cascade that inhibits the phagocytic activity of macrophages (16) . The complex process of phagocytosis depends on the relative balance of pro-phagocytic ("eat me") and antiphagocytic (don't eat me) signals. Most healthy normal cells, apart from aging red blood cells, lack expression of pro-phagocytic signals, but most cancer cells express pro-phagocytic signals on their cell surface. Although multiple eat me signals have been identified to date, only CD47 has been identified as the primary don't eat me signal (13, (17) (18) (19) (20) . Therefore, by blocking CD47-SIRPa interaction, macrophages can be induced to selectively engulf cancer cells while sparing normal cells (20) . Blocking the CD47-SIRPa interaction with a mouse anti-human CD47 monoclonal antibody (mAb) has the potential to effectively treat several solid tumors, including adult glioblastoma multiforme (GBM) (11) (12) (13) (14) (15) 21) , whereas normal (nonneoplastic) cells are not affected by CD47-blocking antibodies (17, 20) .
On the basis of this mechanism of action and its potent preclinical activity, we hypothesized that pediatric brain tumors would be susceptible to blocking CD47 antibodies. A humanized anti-CD47 antibody with a human immunoglobulin G4 (IgG4) scaffold (Hu5F9-G4) was engineered to minimize the recruitment of antibody Fc-dependent effector functions and to reduce immunogenicity of the antibody (22) . We tested the antitumor activity of Hu5F9-G4 in human patientderived primary xenograft models from five of the most malignant pediatric brain tumors: group 3 MB, ATRT, PNET, epidermal growth factor receptor-amplified pediatric GBM (pGBM), and diffuse intrinsic pontine glioma (DIPG) harboring histone 3.3 K27M mutation.
Here, we report that Hu5F9-G4 demonstrates potent activity against these primary malignant pediatric brain tumor types, regardless of histologic classification or molecular origin. Furthermore, Hu5F9-G4 was highly efficacious against primary tumor and subarachnoid dissemination, with negligible activity against normal neural cells.
RESULTS
Hu5F9-G4 induces phagocytosis and inhibits growth of human group 3 MB MB has been molecularly classified into four core subgroups: WNT, SHH, group 3, and group 4. The 5-year overall survival of group 3, the most aggressive subgroup, is 50%, and about 30% in patients presenting with metastases at the time of diagnosis (4) . Ubiquitous expression of CD47 was observed in the Boston, Heidelberg, and Toronto MB gene expression data sets ( fig. S1 , A to D) (4, 23) . Gene expression analysis suggests higher CD47 expression in metastatic regions of MB as compared to the primary site tumor ( fig. S1E ). Analysis of CD47 surface expression by flow cytometry on human group 3 MB tissue specimens showed 86 to 99.4% of cells expressing CD47 on their surface (fig. S1F). MB lines also showed cell surface exposure of calreticulin (CRT), a pro-phagocytic eat me signal, by flow cytometry (fig. S1G). We therefore hypothesized that blocking the CD47-SIRPa interaction by Hu5F9-G4 will facilitate phagocytosis of group 3 MB tumors by macrophages, resulting in elimination of the primary tumor as well as metastases.
In vitro phagocytosis assays with human peripheral blood mononuclear cell (PBMC)-derived macrophages established the ability of Hu5F9-G4 to induce phagocytosis of primary and xenograft-derived We tested the in vivo antitumor effect in an orthotopic xenograft model in immunodeficient NSG mice that lack B, T, and natural killer (NK) cells but retain macrophages with phagocytic potential (13) . Two primary group 3 (SU_MB002 and SU_MB009) and three commercial cMYC-amplified MB cell lines (D283, D425, and D425s), expressing green fluorescent protein (GFP) and luciferase, were transplanted into the cerebellum of NSG mice. Tumor engraftment was verified by bioluminescence imaging (BLI) of all transplanted mice and by hematoxylin and eosin (H&E) staining of a representative mouse from each group. MB was seen at the primary site (cerebellum) and disseminated to the leptomeninges ( fig. S5 , A to G). Intraperitoneal treatment with Hu5F9-G4 was initiated after randomization by BLI flux values to ensure that tumors were of equal size in the treatment and control groups (Fig. 1A) . BLI showed a significant reduction in tumor burden after treatment with Hu5F9-G4 (SU_MB002; P = 0.0057) (Fig. 1, B and C). Kaplan-Meier analysis of mice injected with SU_MB002 showed significant improvement in survival of the Hu5F9-G4-treated cohort compared with the control (P < 0.0001) (Fig. 1D) .
Tumor burden in treated versus control mice was verified using H&E staining. H&E staining of brains from Hu5F9-G4-treated mice showed no tumor cells or minimal residual tumor in the cerebellum or leptomeninges, whereas control mouse brains harbored large tumors in the cerebellum with extensive leptomeningeal spread (Fig. 1E) . To assess tumor cell engulfment by macrophages in vivo, we performed immunohistochemical (IHC) staining on orthotopic xenografted brains treated with either control or Hu5F9-G4. Substantial macrophage recruitment was detected in the group treated with Hu5F9-G4, concentrated around sites of residual tumor upon staining for F4/80, a panmacrophage marker. However, control animals with substantial tumor burden showed limited but diffuse presence of macrophages (Fig. 1F) .
To test the effect of Hu5F9-G4 on multiple primary patient-derived MB lines, we conducted a similar set of experiments using D283, D425, and D425s lines ( fig. S6 , A to Q). The tumor cells were transplanted into the cerebellum of NSG mice. Tumor engraftment was verified by BLI, and treatment scheme was determined after randomization ( fig. S6 , A, G, and M). Significant reduction in BLI (P < 0.0001) was seen in mice xenografted with D425 and D283 followed by Hu5F9-G4 treatment ( fig.  S6 , B, C, H, and I). Mice implanted with D425, D283, and D425s and treated with Hu5F9-G4 showed significant extension in survival (P < 0.0001, P < 0.0001, and P = 0.0018; fig. S6 , D, J, and P).
IHC and staining against F4/80 protein were performed on dissected brains after the treatment. A reduced tumor burden and substantial macrophage recruitment were detected in the groups treated with Hu5F9-G4, whereas the control brains showed large tumors with negligible presence of macrophages ( fig. S6 , E, F, K, L, N, and O, and table S1).
We tested for dose-dependent effect of the mAb in vivo and found that the survival of animals with D425s xenografts was significantly improved by increasing the dose of Hu5F9-G4 from 250 to 450 mg per mouse, three times per week (P = 0.0023) ( fig. S6Q ). Qualitative evaluation of behavior revealed that mice treated with Hu5F9-G4 displayed normal feeding and movement, whereas those treated with the control were cachectic, hunched, and lethargic (movies S1 and S2).
Because metastatic recurrence of MB with MYC amplification has near 100% fatality in children (1, 4), we tested the effect of Hu5F9-G4 on spinal metastases from MYC-amplified group 3 cell lines. Hu5F9-G4 treatment was able to clear metastases from the spine in this xenograft model (Fig. 1, G to I) , thus establishing the efficacy of Hu5F9-G4 treatment in all regions of the central nervous system (CNS). Similar results were seen in D425 xenografted mice, where no spinal metastasis was observed in Hu5F9-G4-treated mice compared with 80% of the mice in the control cohort ( fig. S6B ). Furthermore, a therapeutic dose of Hu5F9-G4 administered intraperitoneally was around 200 mg/ml in blood serum and 20 mg/ml in cerebrospinal fluid (CSF), proving penetration of the blood-brain barrier by Hu5F9-G4 ( fig. S7 , A to C). In addition, we detected the presence of Hu5F9-G4 in CSF of non-tumor-bearing mice, establishing its ability to traverse the blood-brain barrier even when no tumor is present ( fig. S7B ). IHC staining for IgG4 in the brains of tumorbearing mice treated with Hu5F9-G4 revealed high staining of IgG4 in the treated group and no sign of staining in the control, further confirming the penetration of Hu5F9-G4 to brain tumor tissue in treated mice ( fig. S7D) .
To quantitate the recruitment of macrophages within the tumor area, we sacrificed Hu5F9-G4-treated mice and controls after five injections of Hu5F9-G4 (one injection every other day), extracted the brains, and identified the tumors by GFP under a fluorescence stereomicroscope. Engrafted tumors were microdissected, dissociated to single cells, and analyzed for the presence of macrophages by the expression of CD11b and F4/80 ( fig. S8, A to F) . Flow cytometric analysis showed significantly higher frequency of intratumoral macrophages (P = 0.0143) in the treated (15.7%) versus the control (3.32%) groups ( fig. S8 , C, E, and F). Together, these results demonstrate that Hu5F9-G4 treatment crosses the blood-brain barrier and has potent antitumor activity against group 3 MB in vivo. All mice bearing MB cell lines (SU_MB002, D425, D283, D425s, and SU_MB009; fig. S9 , A to E) responded to Hu5F9-G4 treatment with extended survival, less tumor burden, and more macrophages present in the residual tumor versus controls.
Because the growth of MBs depends on CD15 + cancer stem cells (CSCs) (24, 25), we tested the ability of Hu5F9-G4 to target CD15 
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MB CSCs. Flow cytometric analysis of MB xenografts 2 days after the sixth injection of Hu5F9-G4 treatment showed a lower frequency of human CD15 + cells in the Hu5F9-G4-treated mice than in the controls (P = 0.02) (Fig. 1 , J and K, and fig. S3B ). Thus, CD15 + group 3 MB CSCs are also targeted by Hu5F9-G4 treatment.
Continuous intraventricular infusion of Hu5F9-G4 inhibits leptomeningeal metastasis of MB Recurrence of MB is frequently associated with metastasis, and a substantial percentage of group 3 patients harbors metastatic disease at presentation (26) . Given that MB metastasis typically occurs along the CSF pathways within the leptomeningeal spaces, we wanted to explore the possibility of enhanced targeting of metastatic sites via direct delivery of antibody into the CSF. Mice with cerebellar D425 xenografts presenting with forebrain and spinal metastasis were randomized on the basis of BLI flux values, divided into control and treated groups, and implanted with osmotic pumps delivering Hu5F9-G4 (150 mg/day) to the lateral ventricle via direct cannulation ( Fig. 2A ). This Hu5F9-G4 dose is comparable to the quantity of antibody received via systemic treatment over the same period. Hu5F9-G4 is stable at ambient temperature for at least 56 days (fig. S10A). Tumor burden was evaluated by BLI after 14 days of treatment (Fig. 2 , B and C). Intraventricular delivery of Hu5F9-G4 was associated with a significantly longer survival (P = 0.0027) (Fig. 2D) ; however, this survival advantage was shorter than that associated with systemic treatment ( fig. S6D ). Histological analysis of mice with intraventricular treatment showed that, despite elimination of leptomeningeal metastases with increased recruitment of macrophages, the tumor at the primary site was not significantly affected ( Fig. 2E ). However, intraventricular delivery of Hu5F9-G4 did provide an accelerated antitumor effect on spinal and forebrain leptomeningeal metastases as seen by both histology (Fig. 2 , E and F) and BLI (Fig. 2 , G and H) when compared with systemic treatment. Mice were weighed before and after treatment, and no weight loss was observed in mice treated with intraventricular delivery of Hu5F9-G4 compared with the control (Fig. 2I ). These results revealed increased potency of Hu5F9-G4 against leptomeningeal disease with intraventricular administration to the CSF, but little to no effect on the primary tumor at the cerebellum, indicating that these two locations have separate barriers to Hu5F9-G4 penetration.
Hu5F9-G4 eliminates MB cells but not normal human CNS cells in a treatment model
Current regimens of radiation and chemotherapy cause considerable and often permanent side effects because of their toxicity to normal cells, particularly to a child's developing brain (27) . Thus, we assessed whether Hu5F9-G4 results in any toxicity to human-derived neural cells. No loss in viability or proliferation was observed in normal human neural progenitor cells (NPCs) after 5 days of treatment with Hu5F9-G4 at a concentration as high as 1 mg/ml ( fig. S11A ). Furthermore, Hu5F9-G4 failed to induce phagocytosis of normal human NPCs or their differentiated progeny, namely, neurons and astrocytes (fig. S11B).
To further examine whether Hu5F9-G4 could differentiate between tumor and normal cells while selectively targeting cancer cells, we coincubated tumor cells and normal human NPCs and exposed the combination to Hu5F9-G4 in the presence of human PBMC-derived macrophages (Fig. 3A) . Flow cytometric analysis revealed sevenfold higher phagocytosis of tumor cells compared with phagocytosis of NPCs (Fig. 3, B and C) . The phagocytosis of NPCs was not above background levels even in the presence of active phagocytosis of tumor cells in vitro.
To determine whether Hu5F9-G4 has an in vivo bystander effect on normal human NPCs, we developed a surrogate assay. Previously, we had demonstrated the ability of human fetal brain-derived NPCs to engraft into NSG mouse brains and to migrate and differentiate in a site-appropriate fashion into neurons, astrocytes, and oligodendrocytes (28, 29) . Using this model, we injected nontransduced human MB cells (SU_MB002) into mice that had previously been engrafted with luciferase-expressing human neural precursor cells. These mice, harboring both human tumor and normal human CNS cells, were then treated with Hu5F9-G4 or the control (Fig. 3D) . In this case, BLI signal was observed and measured from the engrafted normal human NPCs and their progeny cells and not from the tumor cells. No significant change was observed in BLI signal after treatment with Hu5F9-G4, suggesting robust and continued cellular proliferation and viability even in the presence of Hu5F9-G4 treatment (Fig. 3, E and F). The antitumor activity of Hu5F9-G4 was confirmed by KaplanMeier survival analysis (Fig. 3G) . Therefore, little, if any, elimination of normal human CNS cells was observed in the setting of potent in vivo antitumor activity of Hu5F9-G4 against MB cells.
Hu5F9-G4 induces phagocytosis and inhibits growth of human pediatric ATRT and PNET xenografts ATRT and PNET are highly malignant pediatric brain tumors with poor prognosis. We hypothesized that CD47 is expressed on the surface of ATRT and PNET cells and that Hu5F9-G4 treatment would enable the phagocytosis of these tumor cells. Expression analysis of the limited data set available (n = 18) showed CD47 expression in all ATRT tumors ( fig. S12, A and B) . Flow cytometric analysis of ATRT and PNET primary cell lines derived from patient surgical samples showed surface expression of CD47 and CRT on almost all cells (Fig. 4, A and B, and fig.  S12 , C and D). The normal neural stem cell lines expressed a negligible amount of CRT on the cell surface, suggesting the specificity of this marker as a pro-phagocytic eat me signal on cancer cells ( fig. S12D) . Similarly, fresh-frozen surgical samples exhibited widespread expression of CD47 in both tumor types by immunofluorescence staining (Fig. 4, C and D) . In vitro phagocytosis of both tumor types was about fivefold higher upon treatment with Hu5F9-G4 versus controls (Fig. 4E  and fig. S13A ). We intracranially transplanted GFP-and luciferaseexpressing SU_ATRT002 or sPNET cells into NSG mouse brains and started treatment after tumor engraftment was verified by BLI. Subsequent intraperitoneal treatment (Fig. 4F ) of SU_ATRT002 xenografts with Hu5F9-G4 resulted in a significant reduction in tumor growth and possible elimination of the tumor in some mice compared with the controls as observed by BLI (P < 0.0001) (Fig. 4, G and H) . Kaplan-Meier analysis demonstrated increased overall survival of mice treated with Hu5F9-G4 compared with controls (P < 0.0001) (Fig. 4I) . H&E staining of brains xenografted with ATRT showed reduced tumor burden in the treated group compared with controls ( Fig. 4J ). IHC staining with the macrophage marker F4/80 indicated increased infiltration of macrophages at the tumor site in treated cohorts versus control (Fig. 4K) . These results indicate that Hu5F9-G4 has extensive in vitro and in vivo activity against ATRT.
Similarly, to test the efficacy of Hu5F9-G4 against PNETs, we randomized intracranial xenografts of luciferase-expressing sPNET cells based on BLI into treatment and control groups (Fig. 4L) . BLI flux analysis after 28 days of treatment revealed a significant decline in tumor burden of mice treated with Hu5F9-G4 (P = 0.0079) (Fig. 4, M and N) . Subsequent survival analysis showed the extended survival in a treated group with Hu5F9-G4 (P < 0.001) (Fig. 4O) . H&E staining of brains xenografted with sPNET revealed minimal tumor burden in mice treated with Hu5F9-G4 (Fig. 4P) . IHC staining against F4/80 protein showed the increased entrance of macrophages into the tumor site in Hu5F9-G4-treated mice (Fig. 4Q ).
Hu5F9-G4 induces phagocytosis and inhibits tumor growth of human pGBM and DIPG Pediatric high-grade gliomas are deadly tumors and include pGBM and DIPG. pGBM has a median survival of 5 years (2), with few patients responding to current treatments. Children with DIPG usually succumb to disease in less than 1 year from diagnosis (30) . We hypothesized that CD47 is highly expressed on pGBM and DIPG, and that using Hu5F9-G4 to block CD47 on the cell surface of pGBM or DIPG would enable the phagocytosis of pHGG cells, resulting in an inhibition or elimination of the tumor. To evaluate the expression of CD47 in pHGG, we interrogated multiple published gene expression data sets for CD47 expression. All data sets indicated ubiquitous expression of CD47 in pGBM and DIPG (fig. S12, A and B) (4, 31-37).
Pediatric glioma-initiating cell (PGIC) lines derived from either postmortem DIPG rapid autopsy samples (SU_DIPGVI, SU_DIPGXIII, and JHH_DIPGI) or patient surgical pGBM samples (SU_pGBM001 and SU_pGBM002) showed high expression of CD47 by flow cytometric analysis (Fig. 5, A and B, and fig. S12C ). Furthermore, flow cytometric analysis showed surface expression of CRT on pGBM and DIPG cells ( fig. S12D ). Immunofluorescence staining of freshfrozen patient samples showed expression of CD47 in primary tumors (Fig. 5, C and D) . Using flow cytometry (gating strategy shown in fig. S3A ), we evaluated the ability of Hu5F9-G4 to induce the phagocytosis of dissociated primary PGICs in vitro. In contrast to PGICs treated with human IgG, PGICs treated with Hu5F9-G4 were efficiently phagocytosed by macrophages derived from PBMCs ( counterparts (P < 0.0001) (Fig. 5L) . H&E staining showed reduced tumor burden (Fig. 5M) , and IHC staining against the macrophage marker F4/80 indicated increased infiltration of macrophages in Hu5F9-G4-treated cohorts versus controls (Fig. 5N) . GFP-and luciferaseexpressing SU-DIPGXIII and JHH_DIPGI cells were injected into the pons of NSG mice, and after verification of engraftment with BLI, the mice were randomized for treatment trial (Fig. 5O and fig.  S15A ). Significant reduction in SU-DIPGXIII and JHH_DIPGI burden was shown by BLI measures 50 and 28 days after treatment initiated with HU5F9-G4 (P < 0.0001, P = 0.0286) (Fig. 5 , P and Q, and fig. S15, B and C). Survival analysis revealed a significant survival extension in mice treated with HU5F9-G4 compared to the control group (P < 0.0001, P = 0.0069) (Fig. 5R and fig. S15D ). Fluorescence stereomicroscopy of SU_DIPGXIII-GFP xenotransplanted mouse brains showed high infiltration of GFP-expressing cells in the pons of the control mice (Fig. 5S , top) compared with a minimal presence of tumor cells in the treated group (Fig. 5S, bottom) . These results indicate that Hu5F9-G4 has extensive in vitro and in vivo activity against pGBM and DIPG, two of the deadliest pediatric brain tumors.
Anti-mouse CD47 mAb inhibits tumor growth and prolongs survival in an immunocompetent syngeneic model We next tested the safety and efficacy of targeting the CD47-SIRPa axis in mice with an intact immune system. We used a well-characterized (R) A significant increase in survival was observed after Hu5F9-G4 administration in treated groups versus control counterparts [n = 12 (control) and n = 13 (Hu5F9-G4); P < 0.0001, log-rank analysis]. (S) Efficacy of Hu5F9-G4 treatment against DIPG is represented by stereo fluorescence whole-mount microscopy in mice with GFP-expressing SU_DIPGXIII xenografted into the pons (scale bars, 5 mm).
mouse HGG cell line, GL261 (41) . GL261 cells treated with anti-mouse CD47 (mCD47) mAb (clone MIAP410) were efficiently phagocytized by bone marrow macrophages derived from C57BL/6 mice, in contrast to GL261 cells treated with IgG alone (Fig. 6, A and B ). An in vivo study was performed by orthotopically implanting GL261 cells into the brains of C57BL/6 mice. After implantation with GL261 luciferase-expressing cells, tumor engraftment was confirmed by BLI. Mice were randomized into mCD47 mAb-treated (16 mg/kg, daily) and control groups (Fig.  6C) . Tumor growth assessed on days 10 and 23 of treatment demonstrated a lower rate of tumor growth in treated mice versus the control group (Fig. 6, D and E) . Whereas mice in the control cohort had a median survival of 21 days, mice treated with mCD47 mAb had a prolonged median survival of 32 days (Fig. 6F) . A dose-dependent response was seen when the antibody was increased to 32 mg/kg compared with 16 mg/kg of mCD47 mAb, with median survival of the mice receiving the higher dose increased to 38 days (Fig. 6F) . We confirmed lower tumor burden in the mCD47 mAb-treated cohort by H&E staining (Fig.  6G ) and increased accumulation of peritumoral macrophages by F4/80 staining compared with the control group (Fig. 6H) . To assess the toxicity of mCD47 mAb on GL261-allografted mouse brains, we stained the brains with cresyl violet (Nissl) (Fig. 6I ) and performed IHC against glial fibrillary acidic protein (GFAP) (Fig. 6J) to characterize neurons and astrocytes, respectively. Normal brain tissue surrounding the tumor revealed no damage to neurons or astrocytes and no signs of gliosis in the treated brains (Fig. 6, I and J, bottom) compared with controls (Fig.  6, I and J, top) , as determined by blinded analysis with a board-certified neuropathologist. Therefore, the disruption of the CD47-SIRPa axis in a fully immunocompetent setting resulted in antitumor effects against a mouse malignant glioma allograft.
To investigate the contribution of CD47 expression to tumor growth, we knocked down CD47 in GL261 cells using a mouse CD47 shRNA (short hairpin RNA) (GL261:CD47-KD). Reduction in cell surface CD47 by shRNA was confirmed by flow cytometry (fig.  S16A) , and total CD47 protein content was assayed by Western blot analysis ( fig. S16B) with GL261:CD47-KD cells compared to control (P = 0.0002). Furthermore, IHC staining for F4/80 showed increased presence of macrophages in mouse brains with GL261:CD47-KD cells compared to control GL261 cells ( fig. S16G ).
DISCUSSION
The treatment of malignant pediatric brain tumors remains suboptimal, particularly in instances in which irradiation and intensive chemotherapy are not viable options, especially in children younger than 3 years of age. In the case of pediatric thalamic GBM and DIPG, tumor resection itself is not an option because of the surgically challenging anatomic location. Furthermore, successful clinical intervention in pediatric patients comes at a price that may include white and gray matter abnormalities, microvascular occlusions, demyelination, and calcifications, any of which can cause serious complications and permanent neurologic and cognitive deficits (42) (43) (44) . Hence, there is a critical need for therapies that minimize the effects on the developing brain of a child. Because of disparate tolerability and pharmacokinetics of pharmaceutical agents between adult and pediatric patients, as well as the different biology of pediatric brain tumors, we conducted an extensive preclinical in vitro and in vivo analysis of Hu5F9-G4 against five different types of malignant pediatric brain tumors. We observed ubiquitous expression of CD47 on the cell surface in all malignant pediatric brain tumors tested by flow cytometry and by immunofluorescence staining of tissue sections. Hu5F9-G4 robustly induced phagocytosis by both human and mouse macrophages in all pediatric malignant primary brain tumors tested. Hu5F9-G4 reduced tumor burden and prolonged overall survival of group 3 MB, ATRT, PNET, pGBM, and DIPG patient-derived orthotopic xenograft models.
In the case of MB, systemic treatment with Hu5F9-G4 was effective not only against the primary site but also against leptomeningeal forebrain and spinal metastasis. Direct delivery into the CSF accelerated the antitumor effect on disseminated metastatic disease both in the forebrain and in the spine. In most of the patients with MB, primary tumor is removed by surgery. However, recurrence often occurs by metastatic leptomeningeal dissemination, which is impossible to treat surgically (45) . The presence of metastatic disease at primary presentation or recurrence after treatment is more pronounced in the group 3 (cMYC-driven) subtype (26) . Our results demonstrate potent antitumoral activity of Hu5F9-G4 against leptomeningeal disease when delivered intraperitoneally and an even greater clearance of this spread when the treatment was delivered directly into the CSF. It is possible that direct ventricular delivery of Hu5F9-G4 with or without systemic administration for treatment of patients with advanced metastatic disease may prove more efficacious in the clinical setting. Furthermore, we observed a remarkable decrease in CD15 + tumorinitiating MB cells after Hu5F9-G4 treatment, suggesting Hu5F9-G4 as a viable therapeutic agent for eliminating CSCs and potentially preventing tumor relapse (46, 47) .
We carried out detailed evaluation of Hu5F9-G4 activity toward normal human CNS cells, including proliferating neural progenitors (which would be present in developing pediatric patients). We show a tumor-specific effect, with minimal direct or bystander toxicity toward nonneoplastic cells in vitro and in vivo, similar to our previous studies where blocking anti-CD47 antibodies reduced tumor burden in xenograft models of human leukemias and lymphomas with little to no reduction of hematopoietic stem and progenitor cells (8, 11) . These findings in pediatric brain tumors and hematologic malignancies are consistent with the hypothesis that malignant cells express both eat me and don't eat me signals on the cell surface. Blocking the don't eat me signal results in elimination of the tumor because of the dominance of the eat me signals. In contrast to cancer cells, normal cells have no or minimal eat me signals; therefore, blocking the don't eat me signal leaves most of these cells unaffected (20) .
Although CD47 is highly expressed on tumor cells, there are varying degrees of expression on normal cells, raising the concern of decreased potency due to an antibody sink and potential toxicity. However, we demonstrate here that treatment of mouse glioma orthotopic allografts with mCD47 mAb in an immunocompetent model produced an effective antitumor response and prolonged survival with no sign of toxicity as shown previously (13) .
The direct mechanism of antibody transport through the bloodbrain barrier is unknown; however, our results show positive antiIgG4 (corresponding to IgG4 Fc isotype of Hu5F9-G4) staining in the tumor tissue bed, corroborating the effective infusion of Hu5F9-G4 in treated brains. Growing evidence suggests that the CNS is immunocompetent and interacts dynamically with the systemic immune system (48) . The blood-brain barrier itself can be compromised by malignant brain tumors (49) , which allows for increased entry of antibodies. During inflammation, immune cells migrate into the parenchyma by chemotaxis, traveling through cytokine gradients induced by interferon-g, a key proinflammatory myeloid activator, among others (50). Moreover, FcRn (neonatal Fc receptor), a ubiquitous immunoglobulin receptor highly expressed in blood vessels in the brain, can facilitate IgG transport into the CNS (51). All these mechanisms point toward antibody-based immunotherapies as a viable option against malignant brain tumors.
Currently, next-generation immunotherapies such as checkpoint inhibitors and other regulators of adaptive immune responses are in trials for various cancers. It is possible that tumor phagocytosis in vivo will reflect the in vitro demonstration that macrophages can crosspresent class I tumor peptides to CD8 T cells, stimulating cell division and maturation to killer T cells (52, 53) . Thus, activation of macrophage phagocytosis with the facilitation of anti-CD47 antibodies may not only result in direct therapeutic benefit but may also restimulate antitumor T cells, which, alone or with checkpoint inhibitor antibodies, could improve the outcomes in children with malignant brain tumors.
Although CD47 blockade has shown promising potential against brain tumors, in many cases, it does not completely eliminate tumors (11, 13) . This could be due to pharmacokinetic limitations because penetrance of antibodies decreases with molecular weight (54) . Furthermore, cancer specimens intrinsically differ in their susceptibility to phagocytosis (11, 13, 55) , and CD47 blockade or knockout is not sufficient to induce phagocytosis but requires an additional pro-phagocytic stimulus such as opsonizing antibodies and surface exposure of CRT. An additional limitation of this study is the use of immunocompromised xenograft models, which lack B, T, and NK cells. The CD47/SIRPa axis is an early checkpoint in immune activation regulating phagocytosis and antigen uptake to subsequently promote antigen presentation to T cells by both macrophages and dendritic cells (52, 53) . Within a fully immunocompetent setting, the presence of immunosuppressive cells such as T regulatory cells and myeloid-derived suppressor cells could limit antitumor responses. Future experiments combining anti-CD47 with tumor-specific opsonizing antibodies, immunosuppressive cell-depleting reagents, and cytotoxic therapies such as radiation and chemotherapy, which increase CRT exposure, will be required for harnessing the full potential of anti-CD47-mediated myeloid checkpoint therapy.
MATERIALS AND METHODS

Study design
The objective of this study was to determine the preclinical efficacy of Hu5F9-G4 as an effective treatment against malignant pediatric brain tumors. Flow cytometry and immunofluorescence staining were used to evaluate surface expression of CD47 on tumor tissues. In vitro phagocytosis assays by flow cytometry or immunofluorescence were carried out by using cell lines from different pediatric brain tumors as targets and human PBMC or mouse bone marrow-derived macrophages as effector cells. Human PBMCs from at least three different donors were used against each cell line. Tumor formation was monitored by BLI on IVIS spectrum (Caliper Life Sciences) and quantified with Living Image 4.0 software (PerkinElmer). The mice were excluded if no tumor engraftment was detected. On the basis of preliminary pilot experiments for each type of tumor xenograft, we estimated the sample size to ensure adequate statistical power. To allocate animals to experimental groups, we measured BLI from region of interest using Living Image 4.0 software and randomized the animals with www.randomizer.org. All in vivo experiments were repeated at least two times. Blinding was not performed. Mice were sacrificed to assess tumor burden and macrophage recruitment in situ. Pharmacokinetics and penetrance of Hu5F9-G4 in brain, blood, and CSF were measured. To assess the toxicity of Hu5F9-G4, we developed a sequential xenotransplant model and carried out in situ analysis of tissue after treatment with Hu5F9-G4. All in vivo experiments were repeated at least two times, unless mentioned otherwise.
Statistical analysis
All statistical analyses were performed using GraphPad Prism 6 software. Results were expressed as means ± SD. Mann-Whitney test was used for group comparisons (two-tailed). Survival analysis was performed using log-rank test. P < 0.05 was considered significant.
Bioinformatics analysis
Using R2 software and the megasampler function (http://r2.amc.nl), we compared CD47 mRNA expression patterns in various gene expression profiling studies including brain tumor (n = 861) and normal samples (n = 225; both deposited in http://r2.amc.nl). In a second analysis, we delineated CD47 mRNA expression in MBs (n = 195). Subgroupspecific gene expression profiling differences were determined in three gene expression profiling studies (4, 36) including independent MB cohorts. The following data sets were analyzed for CD47 mRNA expression across various types of pediatric brain tumors and normal brain samples: Toronto [GEO (Gene Expression Omnibus) ID: GSE21140], Heidelberg (GEO ID: GSE28245), Boston (courtesy of Y.-J.C.), MAGIC (GEO ID: GSE37382), Kool (GEO ID: GSE10327), and Gilbertson (GEO ID: GSE37418). These data sets are available at http://hgserver1. amc.nl/cgi-bin/r2/main.cgi?&species=hs.
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